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The fidelity with which spinal motor neurons inner-
vate their limb target muscles helps to coordinate
motor behavior, but the mechanisms that determine
precise patterns of nerve-muscle connectivity re-
main obscure. We show that Nkx6 proteins, a set of
Hox-regulated homeodomain transcription factors,
are expressed by motor pools soon after motor neu-
rons leave the cell cycle, before the formation ofmus-
cle nerve side branches in the limb. Using mouse ge-
netics, we show that the status of Nkx6.1 expression
in certainmotor neuron pools regulatesmuscle nerve
formation, and the pattern of innervation of individual
muscles. Our findings provide genetic evidence that
neurons within motor pools possess an early tran-
scriptional identity that controls target muscle spec-
ificity.INTRODUCTION
The mammalian central nervous system (CNS) allocates much
of its computational machinery to the goal of controlling move-
ment. Among the most refined motor programs are those exe-
cuted by the limbs—from the orderly recruitment of flexor and
extensor muscles during locomotion to the complex arm and
hand muscle synergies used in object manipulation. The coordi-
nation of limb movement poses a challenging problem in neuro-
muscular specificity: the activation of over 50 muscles, each by
a different set of spinal motor neurons (Krouchev et al., 2006;
Vanderhorst and Holstege, 1997; Yakovenko et al., 2002). The
fidelity with which motor neurons innervate their limb target
muscles is therefore an early and critical element in the neural
organization of motor behaviors.
The formation of nerve-muscle connections begins with the
growth of motor axons out of the spinal cord, toward the devel-
oping limb. Motor axons enter the limb mesenchyme and select
ventral or dorsal trajectories, in register with their allocation to the
medial or lateral divisions of the lateral motor column (LMC) (Hol-
lyday, 1980; Landmesser, 1978, 1994). As motor axons extendalong these dorsal and ventral nerve divisions, they form several
main nerve trunks, each of which pursues a different trajectory
within the limb mesenchyme (Tosney and Landmesser, 1985).
At defined points along these main nerve trunks, small groups
ofmotor axons break away to form finer nerve branches that pro-
ject toward their target muscles (English et al., 1993; Swanson
and Lewis, 1982). The cell bodies ofmotor neurons that innervate
an individual target muscle are found in discrete clusters, termed
motor pools (Romanes, 1951; Vanderhorst and Holstege, 1997).
The fine specificity of nerve-muscle connectivity therefore has its
origins in the ability of neurons within motor pools to send their
axons into nerve branches that are directed to different muscle
targets.
The stereotypic and unerring nature of axonal projections
within the limb has led to suggestions that motor neurons
possess an early identity that directs their axonal trajectory
(Landmesser, 2001; Milner and Landmesser, 1999). Yet the
mechanisms that determine precise patterns of nerve-muscle
connectivity have remained obscure. Pharmacologically induced
changes in the frequency of motor neuron firing disrupt muscle
nerve trajectories in the developing chick limb (Hanson and
Landmesser, 2006), implying that the pattern of neural activity
is one influence on nerve-muscle connectivity. There is, never-
theless, emerging evidence that motor neurons within different
pools exhibit molecular identities that help to establish their
distinct projection patterns and target connections. In particular,
the combinatorial expression of Hox class transcription factors
marks individual motor pools in chick and mouse embryos (Car-
penter, 2002; Dasen et al., 2003, 2005; Shah et al., 2004). Addi-
tionally, the reprogramming of Hox expression profiles in chick
LMC neurons is sufficient to direct motor axons to different
limb muscle targets, in accordance with their altered Hox status
(Dasen et al., 2005).
These molecular findings have raised the issue of how Hox
proteins provide motor neurons with the ability to select their
muscle targets. Hox proteins regulate the pool-by-pool expres-
sion of several downstream transcription factors, notably the
ETS proteins Pea3 and Er81 (Dasen et al., 2005; J. Dasen and
T.M.J., unpublished data). However, the activation of ETS gene
expression requires limb-derived inductive signals as well as
Hox activity (Haase et al., 2002; Lin et al., 1998), and as a con-
sequence these genes appear relatively late in the program ofNeuron 57, 217–231, January 24, 2008 ª2008 Elsevier Inc. 217
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Nkx6.1 Regulates Nerve-Muscle Target SpecificityFigure 1. Expression of Nkx6 Proteins in the
Developing Spinal Cord
(A–D) Patterns of expression of Nkx6.1 and Isl1(2)
in lumbar spinal cord of embryonic mice. (A) corre-
sponds to a transverse section of the ventral spinal
cord; (B)–(D) correspond to transverse sections of
the right ventral quadrant of the spinal cord.
(E–H) Er81 expression in lumbar motor neurons.
(C) and (G) show the same, triple-labeled section.
(I and J) Coexpression of Nkx6.2 and Isl1(2) in a
subset of motor neurons in lumbar spinal cord at
E9.5 (I) and E11.5 (J).
(K) Nkx6.2 expression is restricted to a subset of
Lhx1on lateral LMC neurons at E12.5.
(L) Percentage of LMC neurons that express Nkx6
proteins (see Experimental Procedures). Mean
values (±SEM) were obtained from ten wild-type
embryos at each stage.
m, medial; l, lateral.
RESULTS
Nkx6 Proteins Are Restricted
to Motor Neuron Subsets within
the LMC
To define genes that regulate the pattern
of muscle nerve projections in the mouse
limb, we surveyed Hox-dependent tran-
scription factors (Dasen et al., 2003,
2005) for their expression in newly gener-
ated LMC neurons.motor pool differentiation (Lin et al., 1998; Livet et al., 2002).
More tellingly, genetic inactivation of Pea3 in the mouse does
not alter the initial targeting of motor axons to individual forelimb
muscles (Livet et al., 2002). Thus, ETS genes expressed bymotor
pools appear not to be involved in the initial selection of muscle
nerve trajectories.
We considered whether other Hox-dependent transcription
factors direct the formation of muscle nerve side branches,
and thus impose selectivity in muscle innervation. One pre-
dicted signature of such transcription factors is their early ex-
pression in subsets of LMC neurons, prior to the selection of
muscle nerve branch trajectories (Landmesser, 2001). We there-
fore analyzed Hox-dependent transcription factors to define
those that are expressed by discrete subsets of LMC neurons
soon after cell cycle exit. We report here that Nkx6 proteins,
a set of Hox-regulated homeodomain (HD) transcription factors
(Dasen et al., 2003) involved in motor neuron progenitor differen-
tiation (Sander et al., 2000; Vallstedt et al., 2001), are expressed
later by subsets of newly generated LMC neurons which sort
themselves into defined motor pools. Using mouse genetics,
we show that changing the profile of Nkx6.1 expression in
specific motor neuron pools alters the pattern of muscle nerve
branch formation, and switches the selectivity of innervation
of certain target muscles. Thus, neurons within motor pools pos-
sess transcriptional identities that control the pattern of muscle
innervation—a crucial step in the coordination of limb motor
behaviors.218 Neuron 57, 217–231, January 24, 2008 ª2008 Elsevier Inc.TwoNkx classHDproteins, Nkx6.1 andNkx6.2, are expressed
by distinct subsets of postmitotic LMC neurons soon after cell
cycle exit (Figures 1A–1D and 1I–1K). We analyzed the temporal
profile of expression of Nkx6 proteins by developing motor neu-
rons, focusing on rostral lumbar levels of the spinal cord. Nkx6.1
is expressed by all motor neuron progenitors (Figure 1A) (Vall-
stedt et al., 2001), but is rapidly extinguished at cell cycle exit,
such that at E11.5 expression persists in only 35% of LMC
neurons (Figures 1B and 1L). Nkx6.2 is expressed by a subset
of motor neuron progenitors (Figure 1I) (Vallstedt et al., 2001),
and expression persists in 20% of LMC neurons at E11.5 (Fig-
ures 1J and 1L). After E9.5, Nkx6.1 and Nkx6.2 were not coex-
pressed by LMC neurons (Figure S1H; data not shown). More-
over, the proportion of LMC neurons that expressed Nkx6.1 or
Nkx6.2 remained constant from E10.5 to E13.5 (Figure 1L), sug-
gesting that the status of Nkx6 expression in newly generated
LMC neurons is maintained as they mature. Nkx6.1 and Nkx6.2
also mark subsets of LMC neurons at cervical levels of the spinal
cord (Figures S1K and S1L), whereas very few median motor
column (MMC) neurons express Nkx6 proteins after E9.5 (data
not shown). Thus, Nkx6.1 and Nkx6.2 define distinct subsets of
LMC neurons at an early stage of their postmitotic differentiation.
Nkx6 Protein Expression Defines Motor Pools
Between E9.5 and E11.5, the LMC neurons that express Nkx6.1
or Nkx6.2 are intermingled with other LMC neurons (Figures 1A,
1B, 1I, and 1J), but from E12.5 onward they segregate into
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Nkx6.1 Regulates Nerve-Muscle Target Specificitycoherent clusters (Figures 1C, 1D, and 1K). To examine whether
these clusters correspond to motor pools, we assessed the tran-
scriptional status of retrogradely labeled motor neurons after
focal injection of horseradish peroxidase (HRP) into anatomically
defined mouse hindlimb muscles.
To label motor pools at early stages, we visualizedmotor nerve
trajectoriesand thepatternofmuscle innervation inanHb9::eGFP
transgenic mouse line in which enhanced green fluorescent pro-
tein (eGFP) selectivelymarksmotor axons (Wichterle et al., 2002).
Muscle contours were marked by myosin heavy-chain protein
expression. The pattern of axonal eGFP enabled us to construct
a detailedmap of the trajectory ofmotor nerves tomuscle targets
from E12.5 to E17.5 (Figure 2; and data not shown). Key features
of this map relevant to the present analysis are presented briefly.
At a proximal position within the limb, the Obturator nerve trunk
projects into the ventral limb mesenchyme and gives rise to
side branches that innervate the Adductor magnus (Am), longus
(Al), and brevis (Ab) muscles (Figures 2C, 2D, and 2G–2I). More
distally, the Obturator nerve trunk gives rise to branches that
innervate the Gracilis anterior (Ga) and posterior (Gp) muscles
(Figures 2C, 2D, and 2G–2I). The Femoral nerve trunk projects
dorsally within the mesenchyme and gives rise to branches that
innervate the Vasti (V), Rectus femoris (Rf), and Pectineus (P)
muscles (Figures 2C, 2D, and 2G–2I). At more caudal positions
the Peroneal nerve trunk gives rise to branches that innervate
the Tibialis anterior (Ta), Gluteus (Gl), and Tensor fasciae latae
(Tfl) muscles (Figures 2C–2F) (Greene, 1935; Lance-Jones,
1979). The pattern of eGFP-labeled nerve branches was highly
reproducible in different age-matched embryos examined be-
tween E12.5 and E17.5 (Figure 2; Figure S5, available online;
data not shown).
With this map as a guide, we injected HRP into individual
hindlimb muscles of Hb9::eGFP embryos and determined the
transcriptional status of retrogradely labeledmotor neurons (Fig-
ure 3). We found that Nkx6.1 was expressed by neurons in motor
pools supplying the Am, Al, and Ab (collectively the Adductor
group) (Figures 3A, 3B, 3D, and 3E; Figure S3 and Table S1,
available online), Gp, and Ta muscles (Figures 3J and 3K; Fig-
ure S2C and Table S1). Nkx6.2 was expressed by HRP-labeled
neurons in pools supplying the Rf, Tfl, and Gl muscles (Figures
S1I and S1J and Table S1). Of these Nkx6on pools, Adductor
and Gp neurons reside within the medial division of the LMC
and coexpress Isl1, whereas the Ta, Rf, Gl and Tfl pools reside
within the lateral LMC and coexpress Lhx1 (Figure 3S; Figures
S1A, S1B, and S2B). We also assessed the status of ETS pro-
tein expression in each Nkx6on motor pool at E13.5. Er81 is co-
expressed by Nkx6.1on neurons in the Adductor and Gp pools,
but not by those in the Ta pool (Figures 3C, 3F, and 3L; Table
S1), whereas Pea3 is expressed by Nkx6.2on neurons in the Rf,
Tfl, and Gl pools (Figure S1F and Tables S1 and S3). For those
motor pools that coexpress Nkx6 and ETS proteins, the onset
of Nkx6 expression precedes that of ETS proteins by 24–48 hr
(Figures 1A–1K). These findings provide evidence that the post-
mitotic restriction of Nkx6 protein expression defines motor neu-
ron pools within the lumbar LMC.
Throughout this analysis, we determined the fraction of motor
neurons within an anatomically defined pool that express each
transcription factor. For virtually all motor pools examined, wefound that >95% of HRP-labeled neurons exhibited the same
transcriptional profile, and that the few outliers are likely to reflect
the technical difficulty of retrogradely labeling all neurons (see
Table S1). The only instance in which we detected a consistently
higher incidence (10%) of HRP-labeled neurons with an appar-
ent divergent transcriptional factor profile involved the two pools
supplying the Ga and Gp muscles (see Tables S1 and S2). This,
we suspect, reflects the difficulty of limiting the spread of HRP
within these flat, adjacent muscles.
We also examined whether the early expression of Nkx6
proteins by LMC neurons is established independently of limb-
derived signals. To assess this, we compared the expression
of Nkx6 and Er81 in the lumbar spinal cord of chick embryos,
and found that Nkx6.1, but not Nkx6.2, is expressed by lumbar
LMC motor pools (data not shown). We therefore focused on
the influence of limb signals on Nkx6.1 expression. At hindlimb
levels of chick spinal cord, Nkx6.1 and Er81 are coexpressed
by a subset of Isl1on medial LMC neurons that map to the Adduc-
tor motor pools (Figures S4A–S4C). In chick embryos subjected
to unilateral hindlimb ablation at stage HH 17–18 and analyzed at
stage HH 29 (Lin et al., 1998), the expression of Nkx6.1 was
maintained in a subset of medial LMC neurons, whereas expres-
sion of Er81 was absent, as documented previously (Lin et al.,
1998) (Figures S4D and S4E). We also found that Nkx6.1 is ex-
pressed by a subset of LMC neurons in E9.0 mouse lumbar spi-
nal cord explants grown in vitro in the absence of limb target tis-
sue (D. Agalliu, N.V.D.M.G., and T.M.J., unpublished data). Thus,
the postmitotic restriction of Nkx6.1 expression in LMC neurons
appears to be established independently of limb-derived signals.
Our findings also provide evidence that the expression of Nkx6.1
by motor pools is independent of Er81 expression and activity.
Motor Pools Form in Nkx6.1 Mutant Mice
Our studies to explore the role of Nkx6 proteins in directing mus-
cle nerve trajectories have focused on the activity of Nkx6.1,
given its conserved profile of expression in lumbar LMC motor
pools.
Nkx6.1 expression in progenitor cells is involved in motor neu-
ron specification (Sander et al., 2000). We therefore examined
how the loss of Nkx6.1 from progenitors influences the differen-
tiation of LMC neurons. The absence of Nkx6.1 activity results
in a derepression of Nkx6.2 in neural progenitor cells, and the
latter’s activity compensates partially for the loss of Nkx6.1,
with the consequence that motor neurons are generated, albeit
in reduced numbers (Vallstedt et al., 2001). Consistent with
this, in Nkx6.1 mutants at E12.5 and E13.5, we observed an
50%decrease in the initial number ofmotor neurons generated
at lumbar levels of the spinal cord (Figure 4C, data not shown).
By E16.5, however, after the peak period of motor neuron death
(Lance-Jones, 1982; Yamamoto and Henderson, 1999), similar
numbers of motor neurons were found in Nkx6.1mutant, hetero-
zygote, and wild-type embryos (Figure 4C). This finding appears
to reflect a reduction in motor neuron cell death, perhaps
because of the greater initial muscle-to-motor-neuron ratio in
Nkx6.1 mutants.
Despite the initial reduction in motor neuron number, a quanti-
tative analysis of LIM HD protein expression at E13.5 and E16.5
revealed that the proportional allocation of motor neurons intoNeuron 57, 217–231, January 24, 2008 ª2008 Elsevier Inc. 219
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Nkx6.1 Regulates Nerve-Muscle Target Specificitycolumnar and divisional subtypes was similar in Nkx6.1 mutant,
heterozygote, and wild-type embryos (Figures 4A, 4B, and 4D;
Figures S6A–S6C; data not shown). We also explored the impact
of the loss of Nkx6.1 on the specification of motor pools.220 Neuron 57, 217–231, January 24, 2008 ª2008 Elsevier Inc.In Nkx6.1 mutants, the expression of Er81 persisted in lumbar
LMC neurons, and the proportion of Isl1on: Er81on LMC neurons
was similar in Nkx6.1 mutant and heterozygote embryos exam-
ined at E13.5 (at rostral lumbar levels; Figures 4E, 4F, and 7G).Figure 2. Genetic Tracing of Motor Axon Trajectories in the Mouse Hindlimb
(A, C, and E) Motor axon projections in whole-mount hindlimb preparations revealed by eGFP immunoreactivity in Hb9::eGFP transgenic embryos. Confocal im-
ages were converted to black and white, and inverted to depict motor axons in black. (B, D, and F) Reconstruction of main nerve trunks and muscle nerve
branches. The Obturator (Obt) and Deep peroneal (Dp) nerve trunks are indicated in black and blue, respectively. Individual muscle nerve branches that derive
from the Obturator (D) and Deep peroneal (D and F) nerve trunks are shown in color. (G and H) Individual muscles delineated by expression of fast skeletal myosin
(red); motor axons are defined by eGFP immunoreactivity (green). The trajectory of muscle nerves is highly reproducible among different embryos (see Figure S5).
(I) Diagram of nerve trunks, muscle nerve branches, and muscle target fields. Scale bar in (A)–(I): 100 mm.
A, Anterior; Ab, Adductor brevis; Al, Adductor longus; Am, Adductor magnus; Bf, Biceps femoris; Di, distal; Dl, dorsal; Dp, Deep peroneal; F, Femoral; Ga, Gracilis
anterior; Gp, Gracilis posterior; Gl, Gluteus; Ig, Inferior gluteal; Obt, Obturator; Oe, Obturator externus; P, Pectineus; Po, Posterior; Pr, Proximal; Qf, Quadriceps
femoris; Rf, Rectus femoris; St; Semitendinosus; Sp, Superficial peroneal; T, Tibial; Ta, Tibialis anterior; Tfl, Tensor Fasciae Latae; V, Vasti; Vl, ventral.
Neuron
Nkx6.1 Regulates Nerve-Muscle Target SpecificityImportantly, the detection of Er81 expression in a subset of Isl1on
LMC neurons provides evidence that aspects of Adductor and
Gp pool identity are still acquired in the absence of Nkx6.1 activ-
ity. In Nkx6.1mutants, Nkx6.2 was not expressed ectopically by
Er81on: Isl1on LMC neurons (Figures 4G and 4H), indicating that
the loss of Nkx6.1 from motor neurons is not accompanied by
derepression of Nkx6.2 (Vallstedt et al., 2001).Selective Defects in Muscle Nerve Projection
Pattern in Nkx6.1 Mutant Mice
We next addressed the role of Nkx6.1 in establishing the trajec-
tory of motor axons in the developing limb. We reasoned that if
Nkx6.1 has an instructive role in the formation of muscle nerve
branches, the elimination of Nkx6.1 from motor neurons that
normally express this gene might elicit a switch in their targetFigure 3. Transcription Factor Expression by Neurons in Motor Pools
(A–C) HRP-labeled motor neurons after tracer injection into the Adductor muscles at E13.5. The presence of Nkx6.1on motor neurons that are not labeled by HRP
(B) is likely to reflect incomplete filling and/or retrograde transport of the tracer. Ninety-eight percent of HRP-labeled motor neurons express Nkx6.1, and eighty-
one percent of these neurons coexpress Er81 (B and C) (see Table S1). Neurons that lack Er81 expression may correspond to the Ab motor pool (see Figure S3).
Laterally positioned Nkx6.1off: Er81on neurons that are not labeled by HRP correspond to V motor neurons (C).
(D–F) More than 99% of HRP-labeled motor neurons, after tracer injection into the Al muscle (D) at E14.5, coexpress Nkx6.1 (E) and Er81 (F) (see Table S1).
(G–I) More than 99% of HRP-labeled motor neurons, after tracer injection into the V muscle at E14.5, lack Nkx6.1 expression (H). Ninety-seven percent of HRP-
labeled motor neurons express Er81 ([I], see Table S1).
(J–L)Eighty-sixpercentofHRP-labeledmotorneurons,after tracer injection into theGpmuscle (J) atE14.5, coexpressNkx6.1 (K)andEr81 ([L], seeTablesS1andS2).
(M–O)Eighty-sevenpercent ofHRP-labeledmotor neurons, after tracer injection into theGamuscle (M)at E14.5, lackNkx6.1 (N) andEr81expression ([O], seeTables
S1 and S2).
(P–R) More than 99% of HRP-labeled motor neurons, after tracer injection into the P muscle (P) at E14.5, lack Nkx6.1 (Q) and Er81 (R) expression.
(S) Transcription factor expressionbyanatomicallydefinedmotor pools at theL2 level. The small size and inaccessibility of theOeandAbmusclesprevented us from
labeling corresponding motor neurons, and so the position of these pools in the diagram is approximate. Rf motor neurons express Pea3 at E13.5, but not at later
stages (Table S1; data not shown).
(T) Schematic representation of the trajectory of the Obturator (Obt) nerve trunk, and its side branches innervating the Adductor (Al, Am, and Ab) and Gracilis (Ga
and Gp) muscles.Neuron 57, 217–231, January 24, 2008 ª2008 Elsevier Inc. 221
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Nkx6.1 Regulates Nerve-Muscle Target Specificityconnectivity tomuscles that are normally innervated by Nkx6.1off
motor neurons. Conversely, ectopic expression of Nkx6.1 in
Nkx6.1off motor pools might direct their axons to muscles nor-
mally innervated by Nkx6.1on motor pools.
We examined whether the loss of Nkx6.1 expression influ-
ences the trajectory of the main motor nerve trunks that supply
the hindlimb. To monitor motor axon trajectories, we crossed
theHb9::eGFP allele intoNkx6.1 heterozygote andmutant back-
grounds, and analyzed the position of the Obturator, Femoral,
and Peroneal nerve trunks. The overall position and trajectory
of these three nerve trunks were similar in Nkx6.1 heterozygote
and mutant embryos analyzed from E12.0 to E17.5 (Figure 5;
Figure S7; data not shown). Before E13.5, however, the diameter
of all three nerve trunks was substantially reduced in Nkx6.1
mutants (Figures 5A–5D; Figure S7), whereas at E15.5 to E16.5,
trunk diameter was similar in Nkx6.1 mutant and heterozygote
embryos (Figures 5I and 5J, data not shown). This early thinning
of nerve trunks presumably reflects the initial reduction in motor
neuron number.
We next examined how the loss of Nkx6.1 expression affects
the formation of muscle nerve side branches. In Nkx6.1mutants
examined at E12.5 to E13.5, we observed selective defects in
each of the muscle nerve branches normally supplied by
Nkx6.1on motor neurons (Figures 5C–5F). At this early stage,
the Obturator nerve branch destined for the Gp muscle was
absent, and branches projecting to the Adductor muscles were
severely reduced (Figures 5C–5F). In addition, the Peroneal222 Neuron 57, 217–231, January 24, 2008 ª2008 Elsevier Inc.nerve branch that projects to the Ta muscle was absent (Figures
S2E–S2H). This early disruption in muscle nerve branch forma-
tion resulted in later defects in axonal arborization and muscle
innervation. To quantify the extent of these later innervation de-
fects, we measured the total length of eGFP-labeled motor axon
fascicleswithin specificmuscles at E16.5.Wedetected a virtually
complete loss of motor innervation of the Gp and Ta muscles at
E16.5 (Figures 6A, 6B, 6G, 6H, 6I, and 6L; Table S4), and, indeed,
at all stages of embryonic development (Figures 5C–5J, Fig-
ure 9J, and data not shown). The detection of acetylcholine
receptor (AChR) clusters in uninnervated Gp muscle (Figure 9J)
is consistent with evidence that AChRs are clustered in a prepat-
tern and are independent of motor innervation (Yang et al., 2001).
In addition, the extent of motor axon branching within each of the
Adductor muscles was significantly reduced by 35% to 45%
(Figures 6C–6F, 6J, and 6K; Table S4). In contrast, we detected
no consistent difference in the extent of axonal arborization
within the Ga, V, Rf, P, and Gl muscles, each of which is supplied
by an Nkx6.1off motor pool (Figures 6M–6X, Table S4). Thus, in
Nkx6.1 mutants, the defects in muscle nerve branch formation
and target innervation are restricted to the motor pools that
normally express Nkx6.1.
We next examined whether the loss of Nkx6.1 from specific
motor pools causes their axons to innervate muscles normally
supplied by Nkx6.1off pools. To assess this issue we determined
the identity of the motor neurons that supply the Ga muscle in
Nkx6.1 mutant embryos. HRP was injected into the Ga muscleFigure 4. Motor Neuron Columnar, Divisional, and Pool Specification in Nkx6.1/ Mice
(A and B) Segregation of LMCl neurons, defined by Hb9 expression; and LMCm neurons, defined by Isl1(2) expression, occurs normally in Nkx6.1/ embryos at
E13.5 (B).
(C) The number of somatic motor neurons at L1–L3 levels (see Experimental Procedures). Mean values (±SEM) were obtained from 10 embryos of each genotype.
(D) Proportion of motor neurons in columnar and divisional subtypes at L1–L3 at E13.5 and E16.5 (see Experimental Procedures). A similar proportion of motor
neurons are allocated to the MMCm in Nkx6.1/ and Nkx6.1+/ embryos (E13.5, n = 10, p > 0.05; E16.5, n = 6, p > 0.05). In addition, the proportion of LMCm
and LMCl neurons is similar inNkx6.1/ andNkx6.1+/ embryos (E13.5, n = 10, LMCl:Nkx6.1+/ versusNkx6.1/, p > 0.05; LMCm:Nkx6.1+/ versusNkx6.1/,
p > 0.05; E16.5, n = 6, LMCl: Nkx6.1+/ versus Nkx6.1/, p > 0.05; LMCm: Nkx6.1+/ versus Nkx6.1/, p > 0.05; Student’s t test).
(E and F) Adductor and Gp motor neurons maintain Er81 expression and segregate normally from Er81on: Isl1off V motor neurons in E13.5 Nkx6.1/ embryos (F).
However, Er81on: Isl1on Adductor and Gp motor neurons occupy an abnormal dorso-lateral position in Nkx6.1/ embryos (F).
(G andH)Segregation of Adductor andVmotor neurons from theRfmotor pool, delineated byNkx6.2 expression, occurs normally in E13.5Nkx6.1/ embryos (H).
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Nkx6.1 Regulates Nerve-Muscle Target Specificityin E14.5 Nkx6.1 heterozygote and mutant embryos, and the sta-
tus of Er81 and Isl1 expression in HRP-labeled motor neurons
was examined 12 hr later (Figures 7A and 7B). In Nkx6.1 hetero-
zygote embryos, 12% of Isl1on LMC neurons expressed Er81,
a value similar to that observed in wild-type embryos (Figure 7H;
Table S1). In contrast, in Nkx6.1 mutant embryos, 56% of HRP-
labeled Isl1on medial LMC neurons expressed Er81 (Figures 7C–
7F and 7H; Nkx6.1+/, n = 7 embryos; Nkx6.1/, n = 6 embryos;
p < 0.001, Student’s t test). Thus, many Adductor and/or Gp
neurons deprived of Nkx6.1 activity alter their target specificity
and innervate the Ga muscle.
We also examined the influence of Nkx6.1 activity on the po-
sition of motor neurons within the LMC. To achieve this, wemap-
ped the position of retrogradely labeledmotor neurons within theLMC after tracer HRP injection into the Ga muscle in Nkx6.1 het-
erozygote and mutant embryos. We found that the position of
most HRP-labeled Isl1on: Er81on neurons was shifted dorso-
laterally in Nkx6.1 mutants, such that they now overlapped
the position of authentic, HRP-unlabelled, Isl1on: Er81off Ga neu-
rons—which are also labeled after HRP injection into the Ga
muscle (Figures 7C–7F; see also Figure S8). Nevertheless, the
laterally displaced Isl1on: Er81on neurons remained as a coherent
cluster, and were segregated from Isl1off: Er81on neurons of the
V pool (Figures 4F and 7F), and from Nkx6.2on: Pea3on neurons
of the Rf and Tfl pools (Figures 4G and 4H). Thus, the loss of
Nkx6.1 expression alters the position of Gp and Adductor pools
within the LMC in addition to redirecting their axons to newmus-
cle targets.Figure 5. Defects in Adductor and Gracilis Muscle Nerve Branches in Nkx6.1/ Mice
Muscle nerves were visualized by eGFP immunoreactivity on whole-mount preparations of the hindlimb.
(A and B) Trajectory of the Obturator nerve in Nkx6.1+/ and Nkx6.1/ embryos.
(C–F) Individual Adductor and Ga muscle nerve branches are observed in Nkx6.1+/ (C and E) and Nkx6.1/ (D and F) embryos.
(G–J) In Nkx6.1/ embryos, the Gp muscle nerve is absent and the extent of arborization of the Am, Al, and Ab side branches is reduced (H and J). In Nkx6.1+/
andwild-type embryos, we observed that the Gamuscle is innervated by two intramuscular nerve branches in50%of cases. In contrast, inNkx6.1/ embryos,
innervation of the Ga muscle by two intramuscular nerve branches in observed in only 10% of cases.
(K and L) Schematic drawings of the Obturator motor nerve and its muscle nerve branches at E16.5.
Scale bar in (A)–(L): 100 mm.Neuron 57, 217–231, January 24, 2008 ª2008 Elsevier Inc. 223
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Nkx6.1 Regulates Nerve-Muscle Target SpecificityLoss of Er81 Expression Does Not Alter
Hindlimb Motor Innervation Patterns
The coexpression of Er81 andNkx6.1 by neurons in the Adductor
and Gp pools raised the possibility that, for these pools, Er81
might act together with Nkx6.1 to specify the pattern of muscle
target innervation. To test this, we examined motor pool specifi-
cation andmotor axon trajectories in the hindlimb of Er81mutant
mice (Arber et al., 2000).224 Neuron 57, 217–231, January 24, 2008 ª2008 Elsevier Inc.We detected no change in the number of LMC neurons in Er81
mutants that expressed Nkx6.1, nor did we detect changes in the
clustering or positioning of these neurons (Figures S9A and S9B;
data not shown). Thus,within the samemotor pool, the expression
of Nkx6.1 and Er81 is established independently. Furthermore, in
Er81 mutants analyzed at E16.5, the pattern of innervation of the
Adductor and Gp muscles was similar to that observed in wild-
type and Er81 heterozygote embryos (Figures S9C and S9D,Figure 6. Persistent Defects in Muscle Innervation in Nkx6.1/ Embryos
Comparisons of muscle nerve trajectories from Nkx6.1on and Nkx6.1off motor pools in Nkx6.1+/ and Nkx6.1/ embryos at E16.5 are shown.
(A–H) Muscle nerves and motor axon fascicles in targets normally innervated by Nkx6.1on motor neurons.
(I–L) Total length of motor axon fascicles within individual muscle targets. Values represent the mean (±SEM) of three (I–K) or four (L) embryos of each genotype.
Motor axon fascicle lengthwithin Am, Ab, Al, Gp, and Tamuscles inNkx6.1/ embryos is significantly reduced, comparedwithNkx6.1+/ embryos (see Table S4).
(M–T) Muscle nerves and motor axon fascicles in muscle targets normally innervated by Nkx6.1off motor neurons.
(U–X) Total length ofmotor axon fascicleswithin individual muscles. Values represent themean (±SEM) of three (U–W) or four (X) embryos of each genotype.Motor
axon fascicle length for theGaandVastusmedialis (Vm)muscles, aswell as for thePandGlmuscles, are similar inNkx6.1+/andNkx6.1/embryos (seeTableS4).
Scale bar in (A)–(H) and (M)–(T): 100 mm.
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Nkx6.1 Regulates Nerve-Muscle Target SpecificityFigure 7. Adductor and Gracilis Motor Neu-
rons Switch Their Muscle Target in
Nkx6.1/ Mice
(A and B) Schematic representation of the tran-
scriptional profile of motor neurons labeled after
HRP injection into the Ga muscle in Nkx6.1+/ (A)
and Nkx6.1/ (B) embryos.
(C, D, and D’) Adductor and Gp motor neurons,
delineated by Er81 expression, are labeled after
injections into the Ga muscle of Nkx6.1/ (D and
D’) embryos at E14.5. Er81off Ga motor neurons
that project normally are also labeled after Ga in-
jections in Nkx6.1/ embryos (arrow in [D’]).
Some of these neurons may derive from the Ab
pool.
(E andF) Expression of Er81and Isl1(2) inNkx6.1+/
(E) and Nkx6.1/ embryos (F) at E14.5. The posi-
tion of the Adductor and Gp pools, marked by
Er81 and Isl1 coexpression, is shifted dorso-later-
ally in Nkx6.1/ embryos (F).
(G) The percentage of LMC neurons that coex-
press Isl1 and Er81 is similar in E14.5 Nkx6.1/
(23% ± 5%, n = 6) and Nkx6.1+/ (24% ± 5%,
n = 7; p > 0.05; Student’s t test) embryos (see Ex-
perimental Procedures).
(H) Quantification of HRP-labeled LMC neurons
that coexpress Er81 and Isl1, as a percentage of
the total number of HRP-labeled motor neurons
at E14.5. Values (±SEM) represent the mean of
six Nkx6.1/ and seven Nkx6.1+/ embryos. The
percentage of HRP-labeled Er81on motor neurons
is higher inNkx6.1/ (56%±8%) than inNkx6.1+/
(12% ± 4%; p < 0.001; Student’s t test) embryos.
The detection of HRP-labeled, Er81on: Isl1on mo-
tor neurons inNkx6.1+/ embryos is likely to reflect
HRP leakage into the Gp muscle (see Table S2).
was selected for detailed analysis be-
cause it exhibited the highest incidence
of ectopic Nkx6.1 expression in LMC
neurons. Even in this line, however,
expression of Nkx6.1 was mosaic, and
only 65% (range: 40% to 76% in nine
datanot shown). Thus,Er81appearsnot tohavea role inspecifying
the axonal trajectories of neurons in the Adductor and Gp pools.
A Postmitotic Role for Nkx6.1 in Regulating
Muscle Nerve Trajectory
The changes in muscle nerve branch formation and innervation
pattern in Nkx6.1 mutants are confined to muscles normally
supplied by Nkx6.1on motor pools, suggesting that they reflect
the loss of Nkx6.1 function from motor neurons rather than pro-
genitor cells. To examine this issue directly, we asked whether
the defects in muscle nerve trajectories observed in Nkx6.1 mu-
tants can be rescued by introducing Nkx6.1 selectively into post-
mitotic LMC neurons, bypassing progenitor expression.
We used a 9 kb 50 enhancer fragment of the mouse Hb9 gene
(Wichterle et al., 2002) to generate Hb9::Nkx6.1.ires.eGFP trans-
genic mouse lines. Three lines expressed Nkx6.1 ectopically
and stably in LMC neurons, without detectable expression in
ventral progenitor cells (Figure S10). The Hb9::Nkx6.1B linedifferent embryos) of LMC neurons expressed Nkx6.1 at
E12.5–E14.5 (Figures 8A–8D and 8G; wild-type, n = 5 embryos;
Hb9::Nkx6.1B, n = 5 embryos; p < 0.001, Student’s t test).
We crossed the Hb9::Nkx6.1B transgene into the Nkx6.1mutant
background and analyzed motor neuron differentiation at E14.5.
The reduction inmotor neuron number evident inNkx6.1mutants
was still observed in embryos expressing the Hb9::Nkx6.1B
transgene (Figure 8 legend), supporting the idea that Nkx6.1 is
not active in motor neuron progenitor cells in this transgenic
line. Furthermore, the expression of Nkx6.1 in postmitotic motor
neurons inNkx6.1mutants did not alter the number or proportion
of LMC neurons that expressed LIM HD or ETS proteins (Figures
8E and 8F; data not shown), arguing that the divisional and pool
allocation of LMC neurons is unchanged.
We then analyzed motor axon trajectories in Nkx6.1 mutants
carrying both the Hb9::Nkx6.1B and Hb9::eGFP transgenes. At
E12.5, we detected muscle nerve branches directed toward
the Adductor, Gp, and Ta muscles (data not shown), and byNeuron 57, 217–231, January 24, 2008 ª2008 Elsevier Inc. 225
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Nkx6.1 Regulates Nerve-Muscle Target SpecificityE14.5 there was a pronounced, albeit partial, restoration of the
pattern of innervation of the Gp, Adductor, and Ta muscles (Fig-
ures 8I–8N). The incomplete rescue ofmuscle innervation is likely
to result from the mosaic expression of Nkx6.1 within the LMC
of the Hb9::Nkx6.1B transgenic line (Figures 8B, 8D, and 8G).
Together, these findings provide evidence that Nkx6.1 activity
in postmitotic LMC neurons, rather than in progenitor cells,
directs motor axons to specific muscle targets.
Ectopic Nkx6.1 Expression Switches
the Muscle Target of Motor Neurons
We next asked whether the introduction of Nkx6.1 into neurons
in Nkx6.1off pools is sufficient to direct motor axons to targets226 Neuron 57, 217–231, January 24, 2008 ª2008 Elsevier Inc.normally reserved for Nkx6.1on neurons. Specifically, we exam-
ined if the ectopic expression of Nkx6.1 in Ga neurons can redi-
rect their axons to the Gp muscle.
We monitored the projection pattern of eGFP-labeled motor
axons in Hb9::Nkx6.1B x Hb9::eGFP mice from E13.5 to E17.5.
The trajectory of the main Obturator nerve trunk was unchanged
in Hb9::Nkx6.1B x Hb9::eGFP embryos, but at E13.5 the side
branch destined for the Ga muscle was severely attenuated
(compare Figure 9A with Figure 9B). At E16.5, there was an
60% decrease in the extent of intramuscular axonal arboriza-
tion within the Ga muscle (Figures 9C and 9D; Hb9::eGFP, n =
5 embryos; Hb9::Nkx6.1B x Hb9::eGFP, n = 5 embryos; p <
0.01, Student’s t test; see also Figures 9G, 9I, and 9K). TheFigure 8. Rescue of Muscle Innervation Defects by Selective Nkx6.1 Expression in Postmitotic Motor Neurons
(A and B) Expression of Nkx6.1 in progenitor cells (P) and LMC neurons in wild-type embryos at E14.5 (A). Ectopic Nkx6.1 expression is detected in MMC and
LMC neurons, but not in interneurons (Int) (B) or progenitor cells (Figure S10) in Hb9::Nkx6.1B embryos.
(C and D) Nkx6.1 expression in the LMCm, delineated by Isl1 expression, in wild-type (C) andHb9::Nkx6.1B (D) embryos at E14.5. Note the ectopic expression of
Nkx6.1 in LMCm and LMCl (Lhx1on, data not shown) neurons in Hb9::Nkx6.1B embryos.
(E and F) Er81 expression is detected in the Adductor, Gp, and V pools in Hb9::Nkx6.1B embryos (F).
(G) Percentage of LMC neurons that express Nkx6.1 at E14.5. Values (±SEM) represent themean of five wild-type and fiveHb9::Nkx6.1B embryos. The proportion
of Nkx6.1on motor neurons is significantly higher in Hb9::Nkx6.1B (68% ± 8%) than in wild-type (38% ± 2%; p < 0.001, Student’s t test) embryos.
(H) Quantification of the number of Isl1on: Er81off neurons that express Nkx6.1 at L2. There is an4-fold increase in the percentage of Isl1on: Er81off motor neurons
that express Nkx6.1 in E14.5Hb9::Nkx6.1B embryos (44%± 6%, n = 5) compared with that in wild-type embryos (11%± 4%, n = 5; p < 0.01, Student’s t test). The
proportion of LMC neurons that express Er81 is similar in wild-type and Hb9::Nkx6.1B embryos (data not shown).
(I–N) Innervation of the Adductor and Gp muscles, as well as that of the Ta muscle, in Nkx6.1+/ mice (I and J), Nkx6.1/ mice (K and L), and Nkx6.1/ mice
carrying the Hb9::Nkx6.1B transgene (M and N) at E14.5. Expression of the Hb9::Nkx6.1B transgene did not rescue the deficit in motor neuron number observed
inNkx6.1/ embryos (Nkx6.1/: 1020 ± 80motor neurons in L1–L3 segments within the LMC [unilateral]: mean ± SEM, n = 5 embryos;Nkx6.1/;Hb9::Nkx6.1B:
1093 ± 100, n = 5 embryos; wild-type: 1901 ± 60, n = 5 embryos; see Experimental Procedures).
Scale bar in (I)–(N): 100 mm.
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Nkx6.1 Regulates Nerve-Muscle Target Specificityincomplete loss of Ga innervation probably reflects the mosai-
cism of ectopic Nkx6.1 expression, since only about half of
all Isl1on: Er81off (presumptive Ga) neurons expressed Nkx6.1 in
Hb9::Nkx6.1B transgenicembryos (L2 level; Figure8H). Together,
these findings show that ectopic expression of Nkx6.1 in Gamo-
tor neurons reduces the extent of innervation of the Ga muscle.
In contrast, the extent of motor axon branching within the
Adductor and Gp muscles was not reduced in Hb9::Nkx6.1B x
Hb9::eGFP embryos examined from E13.5 to E17.5 (compare
Figures 9A, 9B, 9H, 9J, and 9L; data not shown). Indeed, in trans-
genic embryos that exhibited Nkx6.1 expression in >60% of
LMC neurons, we detected additional intramuscular nerve
branches, and an 30% increase in the overall extent of motor
axon branching within the Gp muscle (Figures 9E and 9F;
Hb9::eGFP, n = 5 embryos; Hb9::Nkx6.1B x Hb9::eGFP, n = 5
embryos; p < 0.05, Student’s t test).
We then asked if Ga motor neurons that have acquired trans-
genic Nkx6.1 innervate the Gp muscle. We injected HRP into
the Gpmuscle of wild-type and Hb9::Nkx6.1B embryos, and ana-
lyzed the position and transcriptional status of HRP-labeledmotor
neurons (Figure 9M). If Ga motor neurons that have acquired
Nkx6.1now innervate theGpmuscle,wewouldexpectan increase
in the proportion of HRP-labeled Isl1on: Nkx6.1on: Er81off neurons
within the LMC (Figure 9M). In Hb9::Nkx6.1B embryos we found
61%of HRP-labeled LMCneuronswith this transcriptional profile,
a >5-fold increase over the 11% found in wild-type controls (Fig-
ures 9N–9P; wild-type, n = 5 embryos; Hb9::Nkx6.1B; n = 5 em-
bryos; p < 0.001, Student’s t test). Thus,manyGaneurons that ac-
quire Nkx6.1 expression redirect their axons to the Gp muscle.
Finally, we returned to the issue of whether the status of
Nkx6.1 expression influences motor neuron position within the
LMC. Tracer injections into the Gp muscle of Hb9::Nkx6.1B em-
bryos revealed that HRP-labeled Isl1on: Nkx6.1on: Er81off Ga
neurons were located medially (Figures 9O and 9O’), and over-
lapped with the cluster of Isl1on: Nkx6.1on: Er81on Adductor
and Gp motor neurons (Figures 9N–9O’).
Together,ourfindings indicate that theearlyexpressionofNkx6.1
in specificmotorpools regulates the trajectoryofmotor axons in the
developing limb, and so influences target muscle connectivity.
DISCUSSION
Developing motor neurons select their target muscles with pre-
cision, but the developmental programs that direct nerve-muscle
specificity remain unclear. We show here that neurons destined
to populate motor pools can be distinguished by their transcrip-
tion factor expression profile soon after they leave the cell cycle.
One of these factors, the HD protein Nkx6.1, regulates muscle
nerve branch formation, and influences the specificity of innerva-
tion of individual limbmuscles. Thus, the pattern of nerve-muscle
innervation in the developing mammalian limb is determined, at
least in part, by early transcriptional distinctions between the
neurons of different motor pools.
Postmitotic Nkx6 Expression
Defines Motor Neuron Pools
Muscle nerves are evident soon after motor axons enter the limb,
raising the possibility that LMC neurons possess identities thatdirect their axonal trajectory at an early stage of development.
Our data show that Nkx6 proteins define motor pools within
the LMC (Arber et al., 2000; Dasen et al., 2005). Nkx6 proteins
are expressed by LMC neurons before motor axons have estab-
lished muscle nerve trajectories, and the profile of Nkx6 expres-
sion at the onset of muscle innervation is tightly linked to specific
motor pools, defined by their muscle target projections. Initially,
motor neurons that express Nkx6 proteins are interspersed with
other LMC neurons, and only later do they segregate into coher-
ent clusters. Although it has not been possible to follow the fate
and position of individual Nkx6on neurons during embryonic
development, the number of LMC neurons that express Nkx6
proteins is constant as motor pool clusters emerge, suggesting
that early Nkx6 status marks neurons that later segregate into
discrete pools. Thus, the initial assignment of the Nkx6 expres-
sion status of LMC neurons appears to define an early step in
the specification of motor neuron pool identities. Moreover, the
early Nkx6 status of neurons destined for specific motor pools
is acquired in the absence of feedback signals from the limb.
How is the early postmitotic restriction in Nkx6 expression
achieved? The combinatorial expression of Hox proteins by
LMC neurons controls muscle target connectivity in the develop-
ing limb (Dasen et al., 2005), suggesting that the status of
expression of Nkx6 proteins by motor pools is determined by
Hox expression. In support of this view, ectopic Hox expression
is sufficient to induce Nkx6 proteins in LMC neurons (Dasen
et al., 2003), and conversely, the genetic inactivation of FoxP1,
an essential cofactor for Hox activity in LMC neurons, prevents
postmitotic expression of Nkx6 proteins (J. Dasen, P.W. Tucker,
and T.M.J., unpublished data). Together, these findings indicate
that the early expression of Nkx6 protein in subsets of LMC
neurons is an intermediary step in the Hox control of motor
neuron-muscle connectivity.
Nkx6.1 Regulates Muscle Nerve Branch
Formation and Innervation Specificity
The status of expression of Nkx6.1 in selected motor pools helps
to determine where muscle nerve branches diverge from their
parental nerve trunk, and thus influences the specificity of mus-
cle target innervation. In Nkx6.1mutant mice, each of the lumbar
LMC pools that normally express Nkx6.1 exhibits early defects in
muscle nerve branch formation, and a later reduction in muscle
innervation. In contrast, motor pools that lack Nkx6.1 expression
form muscle nerve branches, and exhibit near-normal patterns
of muscle innervation. And, in the restricted context of the two
Gracilis muscles, the status of Nkx6.1 expression determines
the pattern of muscle target connectivity.
A key issue in defining the role of Nkx6.1 in muscle nerve
projection is to resolve whether its activity is exerted in progen-
itor cells or postmitotic motor neurons. Several lines of evidence
argue that the relevant phase of expression is in postmitotic
motor neurons. We find a close correlation between the status
of Nkx6.1 expression by motor neurons and their dependence
on Nkx6.1 for muscle nerve branch formation and target connec-
tivity. Since Nkx6.1 is functional in all motor neuron progenitors
(Sander et al., 2000), the progenitor phase of Nkx6.1 expression
is not required to establish the muscle nerve trajectory of
Nkx6.1off motor pools, and by extension is unlikely to be involvedNeuron 57, 217–231, January 24, 2008 ª2008 Elsevier Inc. 227
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Nkx6.1 Regulates Nerve-Muscle Target SpecificityFigure 9. Ectopic Expression of Nkx6.1 Redirects Ga Motor Axons to the Gp Muscle
(A and B) Pattern of Obturator muscle nerve branches in Hb9::eGFP (A) and Hb9::Nkx6.1B x Hb9::eGFP (B) mice. The Ga muscle nerve branch is greatly atten-
uated, whereas the Adductor and Gp muscle nerve branches appear normal in Hb9::Nkx6.1B x Hb9::eGFP embryos (B).
(C and D) Few motor axons project to the Ga muscle nerve in E16.5 Hb9::Nkx6.1B x Hb9::eGFP embryos (D). The detection of a few axons in the Ga muscle in
Hb9::Nkx6.1B x Hb9::eGFP mice likely reflects the mosaic expression of the Hb9::Nkx6.1B transgene (documented in Figure 8).
(E and F) In Hb9:Nkx6.1B embryos withR60% incidence of Nkx6.1 expression, additional Gp muscle nerve side branches are detected (red arrow in [F]).
(G–L) Visualization of motor axons by eGFP immunoreactivity (green) and AChR by a-Bgx (red) in whole-mount muscle preparations. The Gpmuscle lacks motor
innervation (J), whereas motor axons innervate the Ga muscle (I) in Nkx6.1/ x Hb9::eGFP embryos. Conversely, the innervation of the Ga muscle is greatly
attenuated (K), whereas motor axons innervate the Gp muscle (L) in Hb9::Nkx6.1B x Hb9::eGFP embryos.
(M) Transcriptional identity of motor neurons labeled after HRP injection into the Gp muscle in Hb9::Nkx6.1B embryos.
(N,O,andO’)More than99%ofHRP-labeledmotorneuronsexpressNkx6.1 (N)afterHRP injection into theGpmuscleatE14.5.AsubsetofHRP-labeled, Isl1onmotor
neurons (arrow in [O]) lack Er81 expression (arrow in [O’]) (presumptive Ga neurons) in Hb9::Nkx6.1B embryos. (O) and (O’) show the same triple-labeled section.228 Neuron 57, 217–231, January 24, 2008 ª2008 Elsevier Inc.
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Nkx6.1 Regulates Nerve-Muscle Target Specificityin shaping the axonal trajectory of Nkx6.1onmotor neurons.More
compellingly, the reintroduction of Nkx6.1 into postmitotic LMC
neurons rescues the defects in muscle nerve branch formation
observed in Nkx6.1 mutants and switches the trajectory of Ga
neurons to the Gp muscle. These findings argue that a postmi-
totic period of Nkx6.1 activity defines muscle nerve trajectories
and target specificity.
Although Nkx6.1 status determines the specificity of innerva-
tion of the two Gracilis muscles, in the broader context of other
LMC pools, Nkx6.1 activity alone cannot explain the pattern of
muscle nerve branch formation and target connectivity. Nkx6.1
is only expressed by a small fraction of all motor pools within
the LMC. Moreover, Nkx6.1 is expressed by each of the Adduc-
tor motor pools, yet nerve side branches destined for the three
Adductor muscles diverge from the main Obturator nerve trunk
at different positions. Thus, Nkx6.1 appears to have a general
role in establishing Adductor nerve branch trajectories, and
more precise instructions about the positioning of muscle nerve
side branches may be conferred by factors that are differentially
distributed between the three Adductor pools. Members of the
Runx, POU, and Fox transcription factor families (Dasen et al.,
2005; J. Dasen and T.M.J., unpublished data) are expressed
by motor neuron pools in a manner that is independent of
limb-derived signals, and could therefore participate in the as-
signment of muscle nerve branch trajectory. Alternatively, Hox
proteins could regulate expression of receptors that instruct
muscle nerve trajectories without the involvement of intermedi-
ary transcription factors. The identity of the axonal guidance
receptors regulated by Nkx6.1 remains unclear. Our analysis in-
dicates that Neuropilins (Huber et al., 2005), Eph kinases, and
Ret (Kramer et al., 2006) are not affected by the loss of Nkx6.1
activity (N.V.D.M.G. and T.M.J., unpublished data).
Nkx6 proteins have been implicated in the control of motor
axon projections—in Drosophila ventral nerve cord (Broihier
et al., 2004), in zebrafish neural tube (Hutchinson et al., 2007),
and in the mammalian hindbrain (Muller et al., 2003). Thus,
Nkx6.1 has an evolutionarily conserved role in assigning motor
axon projection patterns. But these prior studies have not re-
solved whether Nkx6 proteins function in axon guidance through
actions in progenitor cells or postmitotic motor neurons. Inter-
estingly, our analysis ofmuscle nerve branching inNkx6.2mouse
mutants has not revealed major defects in the axonal projection
pattern of motor neurons derived from Nkx6.2on pools (Figures
S11A and S11B). Thus, the two Nkx6 proteins expressed by
mouse LMCpools are likely to have distinct roles inmotor neuron
development.
Distinct Roles for Nkx6 and ETS Proteins
in Motor Circuit Assembly
Many of the motor pools marked by Nkx6 proteins coexpress
ETS proteins. Furthermore, the profiles of expression of individ-
ual Nkx6 and ETS proteins in lumbar LMC pools appear to
be coupled: Nkx6.1 is paired with Er81, and Nkx6.2 with Pea3.Nkx6 and ETS proteins may therefore function in a coordinate
manner within motor pools.
The coupling between Nkx6 and ETS protein expression in
individual motor pools is not simply a reflection of an inductive
cascade in which ETS expression is directed by prior Nkx6 ex-
pression. Genetic inactivation of Nkx6.1 does not alter the spec-
ificity of expression of Er81 in Adductor and Gp neurons, and
similarly, inactivation of Nkx6.2 does not change Pea3 expres-
sion in the Rf, Tfl, and Gl pools (data not shown). The indepen-
dent regulation of Nkx6 and ETS proteins also speaks to the
issue of whether the loss of Nkx6.1 activity alters motor axon tra-
jectories by changing the pattern of Hox expression. The pattern
of ETS protein expression is controlled by Hox activities (Dasen
et al., 2005), and thus the persistence of Er81 expression in
Adductor and Gp motor neurons in Nkx6.1 mutants argues that
the Hox activity profile of these motor pools is not affected
by the loss of Nkx6.1 expression. Together, these findings sup-
port the idea that Nkx6 and ETS proteins are independently
regulated transcription factors that are associated with the early
limb-independent and late limb-dependent phases of motor
neuron pool differentiation.
What is the functional significance of the coordinate expres-
sion of Nkx6 and ETS proteins in motor neuron pools? Motor
pool identity has been linked with several sequential features
of motor circuit assembly—the selection of muscle nerve branch
trajectory, the clustering and positioning of motor neurons within
the LMC, the spatial orientation of motor neuron dendrites, and
the specificity of sensory afferent inputs. Our data, together
with previous studies on ETS protein activity (Livet et al., 2002;
Vrieseling and Arber, 2006), support the idea that these two clas-
ses of transcription factors have distinct roles in motor pool dif-
ferentiation. Nkx6.1 regulates the pattern of motor nerve side
branching and target connectivity, whereas neither Er81 nor
Pea3 have an obvious impact on this step in motor neuron differ-
entiation (Livet et al., 2002) (Figures S11C and S11D). Moreover,
the persistence of Er81 expression in Adductor and Gp motor
neurons in Nkx6.1 mutants argues against a simple model in
which the convergent activities of Nkx6.1 and Er81 are required
to assign motor nerve side branching patterns. For the Adductor
pools, Er81 activity might compensate for the loss of Nkx6.1, and
thus contribute to the incomplete nature of the side branching
defects observed in Nkx6.1 mutants. Nevertheless, our genetic
findings favor the view that Nkx6.1, rather than ETS proteins,
functions in the initial formation muscle nerve side branches.
In contrast, the positioning of motor neurons within the LMC
appears to be regulated by both Nkx6.1 and ETS proteins. Since
the positioning of motor pools within the LMC occurs after axons
have established their muscle nerve trajectories, it is unclear
whether the regulation of pool position represents a direct action
of Nkx6.1 or a secondary consequence of the change in muscle
connectivity. At cervical LMC levels, Pea3 activity controls the
initial clustering of motor neurons into pools (Livet et al., 2002),
but the loss of Er81 from lumbar LMC pools does not affect their(P) Percentage ofHRP-labeledmotor neurons that lack Er81 expression after HRP injection into theGpmuscle inwild-type andHb9::Nkx6.1B embryos at L2. Values
(±SEM) represent the mean of five embryos of each genotype. The percentage of HRP-labeled Nkx6.1on: Er81off motor neurons is higher in Hb9::Nkx6.1B (61% ±
12%) than in wild-type (11% ± 4%; p < 0.001, Student’s t test) embryos.
Scale bars in (A)–(L): 100 mm. m, medial; l, lateral.Neuron 57, 217–231, January 24, 2008 ª2008 Elsevier Inc. 229
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Nkx6.1 Regulates Nerve-Muscle Target Specificityposition or clustering (Figure S9B). Thus, for the Adductor and
Gp pools, Nkx6.1, rather than Er81, is the primary determinant
of settling position. Together, these findings suggest that there
are separate molecular controls on both the clustering of motor
neurons into pools and the positioning of these pools within the
LMC. Nkx6.1 could have additional roles in motor pool differen-
tiation, but the neonatal lethality of Nkx6.1mutant mice has pre-
vented us from determining whether Nkx6 proteins, like ETS
proteins (Vrieseling and Arber, 2006), influence motor neuron
dendrite patterning or the specificity of sensory afferent inputs.
Combining Genetic and Activity-Based Programs
of Motor Neuron-Muscle Connectivity
Recent studies (Hanson and Landmesser, 2006) have shown
that the pattern and frequency of motor neuron firing influences
muscle nerve trajectories in the developing chick limb. How does
our genetic evidence that the specificity of muscle nerve branch
formation has its origins in the transcriptional specification of
motor pools fit with these observations?
Pharmacologically induced changes in the frequency of motor
neuron bursting appear to affect the projection pattern of neu-
rons within most or all hindlimb motor pools (Hanson and Land-
messer, 2006). Moreover, under these conditions many of the
neuronswithin an individualmotor pool retain their original trajec-
tory and innervate their normal muscle target (Hanson and Land-
messer, 2006). Our genetic analysis of the role of Nkx6.1 reveals
a high degree of pool specificity, and in the case of the Gracilis
muscles, a deterministic influence on muscle nerve branch for-
mation and target innervation.We speculate that precise instruc-
tions about muscle nerve trajectory and target specificity are im-
posed by the transcriptional codes that define motor pools,
whereasmotor neuron firing patterns provide amore general cel-
lular context: perhaps an axonal ‘‘set-point’’ (Kater et al., 1988)
that permits interpretation of these transcriptional directions.
At an earlier stage of motor neuron pathfinding, changing
activity patterns erode the fidelity with which axons select a
dorsal or ventral trajectory in the limb. These defects have
been correlated with a decrease in net state of polysialylation
of neural cell adhesion molecule (NCAM) on motor axons (Han-
son and Landmesser, 2003). By analogy, the later activity-
dependent perturbation of muscle nerve trajectories to specific
targets may result from a disruption in the signaling pathway
through which transcription factors direct the expression of
key guidance receptors on the axonal surface.
EXPERIMENTAL PROCEDURES
Mouse Strains
Transgenic mouse lines were generated by pronuclear injection of a DNA
construct carrying the murine Nkx6.1 cDNA (provided by Dr. J. Ericson) under
the control of the murine Hb9 promoter region, placed in tandem with eGFP
(Wichterle et al., 2002). Three selected transgenic lines, Hb9::Nkx6.1A,
Hb9::Nkx6.1B, and Hb9::Nkx6.1C, were obtained in which the patterns of
eGFP expression were similar to the profile of expression of endogenous
Hb9. Since the level of expression of eGFP in Hb9::Nkx6.1 transgenic lines
was low, we crossed this line to an Hb9::eGFP line (Wichterle et al., 2002) for
analysis of nerve branching patterns. The generation of Nkx6.1/ mice has
been described (Sander et al., 2000). Findings reported in this paper are based
on analysis of over 110 wild-type, 150 Nkx6.1+/, and 80 Nkx6.1/ embryos.
For details on the genotyping of mouse strains, see Supplementary Methods.230 Neuron 57, 217–231, January 24, 2008 ª2008 Elsevier Inc.In Situ Hybridization and Immunohistochemistry
In situ hybridization histochemistry was performed using a full-length Nkx6.1
probe. In Nkx6.1 mutants we detected a truncated Nkx6.1 transcript
(Nkx6.1ex2–4) that corresponds to exons 2 through 4 (Figures S6D–S6I). Immu-
nohistochemistry was performed on 10 mm cryostat sections (Dasen et al.,
2005). Labeled neurons were analyzed on a BioRad MRC-1024 confocal
microscope. Antisera used are indicated in Supplementary Methods.
Whole-mount antibody staining was performed as described (Huber et al.,
2005). eGFP-labeled motor axons were visualized in confocal Z-stacks
(400–600 mm), and comprised all the fascicles of an individual muscle nerve
in embryos in which the Hb9::eGFP allele was crossed into wild-type, Nkx6.1
heterozygote, and Nkx6.1 homozygote backgrounds, at E12.0–E16.5. Only
theObturator nerve trunk and its side branches are shown in Figure 5. Formus-
cle whole-mount preparations, individual embryonic muscles were dissected
at E17.5 and fixed in paraformaldehyde 4% for 1 hr. After PBSwashes, muscle
tissue was stained with rhodamine-labeled a-bungarotoxin (a-Bgx) (Molecular
Probes) and rabbit anti-GFP.
Motor Neuron Quantitation
The number of LMC neurons that express specific transcription factors was
determined in 10–15 mm cryostat sections of the rostral lumbar spinal cord
(L1–L3). Details of motor neuron quantification are indicated in Supplementary
Methods.
Retrograde Labeling of Motor Neurons
Axonal eGFP fluorescence was used to identify patterns of innervation of
anatomically defined muscles in the hindlimbs of Hb9::eGFP transgenic
embryos. Retrogradely transported HRP was detected as described (Land-
messer, 1978). The number of motor neurons expressing Nkx6, ETS, and
LIM HD proteins was determined in 10 mm cryostat sections inR5 embryos.
Limb Ablation
Chick hindlimb ablation was performed at stages HH 17–18 (Lin et al., 1998),
and the transcription factor status of LMC neurons was analyzed at stage
HH 29.
Quantification of Motor Axon Branching
Images of eGFP-labeled axons were obtained on a BioRad MRC-1024 confo-
cal microscope, analyzed with Confocal Assistant (version 4.02), and recon-
structed with Neurolucida (version 4.33, MicroBrightField, Colchester, VT).
The total length of intramuscular nerve branches was scored in confocal
Z-stacks (400–600 mm), and comprised all the GFP+ fascicles present within
the domain of an individual muscle at E16.5 and E17.5. Statistical analysis
was performed by Student’s t test. We found no significant differences
between Nkx6.1+/ and wild-type embryos.
Supplemental Data
The Supplemental Methods and Data for this article include 11 figures and
4 tables that can be found online at http://www.neuron.org/cgi/content/full/
57/2/217/DC1/.
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